Deletion of PDR5 gene (Ápdr5) in Saccharomyces cerevisiae led to increased resistance to calcium. The cellular Ca 2þ level in the presence of high calcium as estimated by reporter assay in Ápdr5 cells was significantly lower than that in wild-type cells. Membrane Pdr5p levels diminished rapidly during incubation with high calcium in a manner dependent on calcineurin and Pep4p, suggesting a feedback regulatory mechanism for Pdr5p abundance.
The Saccharomyces cerevisiae PDR family of ABC proteins includes 10 full-length transporters. 1) Among these, Pdr5p is particularly important due to its peculiar ability to transport a huge range of unrelated substrates. In addition, together with its close relative Snq2p, it appeared to be involved in resistance to Na þ , Li þ , and Mn 2þ . 2) More recently, the triple mutant Ápdr5Ásnq2-Áyor1 was shown to have altered sensitivities toward heavy metal cations such as Cd 2þ , Cr 6þ , and Co 2þ . 3) In an attempt to uncover novel roles of Pdr5p, we investigated the effect of calcium on the growth of wild-type and Ápdr5 strains and found that high concentrations of calcium inhibited the growth of wild-type cells more severely than that of the mutant cells in lawn agar spreads, as well as in spot assay ( Fig. 1A and B) , and that the degree of inhibition was dependent on its concentration (Fig. 1C) . Calcium ions had a stronger effect on the wild-type strain when added to cultures in earlier stages than in the stationary phase (data not shown), in accordance with data that Pdr5p levels drop in the stationary phase.
4) The resistance of the Ápdr5 strain was specific to calcium among various metal ions tested, which included Na þ , Li þ , and Mn 2þ . The effect of calcium was not due to its osmotic pressure, because the wild-type and Ápdr5 strains showed a similar degree of resistance to high concentrations of sorbitol (e.g., 1.2 M data not shown).
Next we questioned how the deletion of Pdr5p affected the intracellular free Ca 2þ levels under high calcium stress conditions. To this end, we performed a reporter gene assay that employed a PMR2A promoter- In this assay, intracellular Ca 2þ activates calcineurin, which in turn up-regulates expression of the reporter gene. The Ácnb1 strain lacking calcineurin was used as a negative control, as in the absence of calcineurin the transcription of the reporter gene is not activated. At 250 mM CaCl 2 , the Ápdr5 strain showed about half of the enzymatic activity of the wild-type strain ( Fig. 2A) , suggesting that the elevation of free calcium in Ápdr5 cells is suppressed in comparison with that in wild-type cells. Similar results were obtained at other calcium concentrations (in the range of 100-550 mM, data not shown).
Next the
45 Ca 2þ uptake rates in wild-type and Ápdr5 cells were compared. Cells of both strains grown in YPD medium showed little uptake of calcium. But, when they were preincubated for 3 h in a calcium-depleted synthetic medium, wild-type cells showed a higher rate of uptake than Ápdr5 cells (Fig. 2B) . Depletion of calcium might be required for the radioisotope uptake experiment, in which the actual calcium concentration is about 0.1 mM.
If Pdr5p is involved in calcium import under high calcium conditions, it is probable that a feedback mechanism exists that regulates Pdr5p in the plasma membrane in response to high extracellular calcium. Indeed, Western blot analysis of cellular Pdr5p levels in wild-type cells indicated that the protein was degraded after 1 h of exposure to 100 mM CaCl 2 , and almost completely disappeared after 2 h, in contrast to its stability in the absence of this ion (Fig. 3A and data not shown). To see whether calcineurin, a Ca 2þ -dependent protein phosphatase that mediates Ca 2þ signal transduction, was involved in this process, Pdr5p levels in the Ácnb1 strain, which lacked calcineurin activity 6, 7) were examined, and Pdr5p was found to be more stable. Similarly, the Pdr5p level decreased extremely slowly in the pep4-3 strain (deficient in Pep4p vacuolar protease), suggesting that Pdr5p degradation was dependent on Pep4p, as it was in the absence of calcium. 8) Next we compared PDR5 mRNA levels by Northern blot analysis after shifting wild-type cells to a medium containing calcium. The result showed that PDR5 was also down-regulated by calcium at the transcriptional level (Fig. 3B) , though a minimal level of transcription could still be noticed after 3 h of exposure to calcium. In Ácnb1 and pep4-3 mutants, this down-regulation was not observed (data not shown). These data suggest a complex regulation of Pdr5p expression by calcium, both at transcriptional/post-transcriptional levels and at the degradation step. The disappearance of Pdr5p from the membrane was confirmed by immunofluorescent microscopy, to detect Pdr5p localization. When wildtype cells were exposed to 100 mM CaCl 2 for 1 h, Pdr5p disappeared from the membrane (Fig. 3C) . In contrast, Ácnb1, as well as pep4-3 cells, preserved the fluorescent ring at the cell periphery, indicating the presence of the protein in the membrane. In addition, the pep4-3 mutant showed an increased intracellular fluorescence, indicating accumulation of the protein in the vacuole, both in the absence and in the presence of calcium.
It may be concluded that in our set of experimental data, Pdr5p acted in controlling Ca 2þ entrance into the cytosol, and its protein level was subjected to negative feedback regulation in response to the cellular Ca 2þ level. Since Pdr5p somehow mediates Ca 2þ entrance into the cells, they appear to respond to high calcium by down-regulating Pdr5p levels to protect themselves from toxic levels of this ion.
The calcium resistance phenotype of the Ápdr5 strain was observed at different calcium concentrations, 100 45 Ca 2þ uptake. 1 Â 10 7 cells from an exponential phase culture were transferred to synthetic complete medium lacking calcium (2% glucose, 5% dropout solution, 15) 15) and 0.1% (v/v) mineral stock solution 15) ), and incubated for 3 h at 30 C, after which the cells were resuspended in MES/Tris buffer and glucose was added to a final concentration of 200 mM. The cells were then incubated for 15 min at 30 C to allow ATP synthesis. 100 mM CaCl 2 and 1 mCi/ml 45 CaCl 2 were added. 100 ml aliquots were filtered quickly through Whatman paper filters, which were then washed with buffer containing 150 mM NaCl, 20 mM MgCl 2 , 2 mM LaCl 3 , and processed for scintillation counting. Each experiment was done in triplicate. Only one representative result is shown. Wild type, closed circles; Ápdr5, open circles. mM in the agar-lawn assay, 600 mM in the spot assay, and minimum 300 mM in the liquid culture. The differences in concentration required to observe the resistance phenotype were probable due to the different availability of calcium to the cells. How is Pdr5p involved in Ca 2þ homeostasis? Our data suggest an indirect rather than a direct role for Pdr5p in Ca homeostasis, possibly by regulating other components of the plasma membrane that control Ca 2þ uptake and signaling pathway. A possible scenario is based on Pdr5p involvement in the regulation of membrane phospholipid composition, 9) similarly to its distant relatives, the mammalian P-glycoproteins. 10) Pdr5p action upon phospholipids in the membrane might ultimately modulate permeability and thus have an indirect effect upon the permeability of calcium. In fact, recently, Kihara and Igarashi presented evidence that Pdr5p modulates the levels of phosphatidyl ethanolamine in the membrane and, indirectly, those of sphingolipids. 11) In particular, sphingolipids were shown to stimulate calcium influx, with yeast native phytosphingosine and dihydrosphingosine inducing a nonspecific calcium uptake.
12) The mechanism by which sphingolipids induce calcium uptake is still unclear. This kind of interconnection would not be surprising, since another component of the PDR network, Pdr1p transcription factor, has been found to act in plasma membrane management via its control on the sphingolipid biosynthetic pathway, 13) while another PDR transporter, Pdr15p, has been shown to respond in the general stress response. 14) Fig. 3 . Effect of Calcium on the Expression Levels of Pdr5p (A), PDR5 mRNA (B), and Pdr5p Localization (C).
(A) Cells in the early exponential phase were further incubated in YPD supplemented with 100 mM CaCl 2 at 30 C. Whole cell extracts were resolved on acrylamide gels. subjected to transfer to nitrocellulose membranes, and Pdr5p and Cdc28p (loading control) were detected using a polyclonal anti-Pdr5p (a gift from Dr. Karl Kuchler, Biocenter, Vienna University) and anti-PSTAIRE (Santa Cruz Biotechnology) antibodies, respectively. (B) Cells were grown in the same way as for Western blotting, in YPD medium with (open bars) or without (closed bars) 100 mM CaCl 2 . Samples were harvested and RNA extracted by the hot-phenol method. RNA was separated on 1% agarose gel, transferred to a nylon membrane, and subjected to Northern blot analysis using the SalI-BstEII fragment of PDR5 and KpnI-XhoI of ACT1 as probes. The results were quantified using BAS1800 software, with ACT1 mRNA as a loading control. (C) Pdr5p localization in the presence and the absence of calcium, as detected by immunofluorescence microscopy. 16) Cells were grown in the same way as above and fixed in 8 ml YPD, to which 1.2 ml formaldehyde and 2.8 ml 0.5 M potassium phosphate buffer (pH 6.8) were added. Next, they were digested with Zymolyase 100T (7% in 100 mM potassium phosphate buffer (pH 7.5), 1.2 M sorbitol, 0.7% -mercaptoethanol), and applied on polylysine-covered multi-well slides. After drying for 30 min, and following treatment with 0.025% NP40 detergent in PBS/BSA buffer for 10 min, the cells were treated with the same primary antibody as that used for Western blotting, abundantly washed, treated with Cy3-labelled sheep anti-rabbit antibodies, and mounted in 2% DAPIcontaining mounting medium. Arrows indicate the vacuole.
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